Effective control of ion fluxes over large areas by magnetic fields : from narrow beams to highly uniform fluxes by Baranov, O et al.
Effective control of ion fluxes over large areas by magnetic fields: From narrow beams
to highly uniform fluxes
O. Baranov, M. Romanov, and Kostya (Ken) Ostrikov 
 
Citation: Physics of Plasmas (1994-present) 16, 053505 (2009); doi: 10.1063/1.3130267 
View online: http://dx.doi.org/10.1063/1.3130267 
View Table of Contents: http://scitation.aip.org/content/aip/journal/pop/16/5?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Rhenium ion beam for implantation into semiconductorsa) 
Rev. Sci. Instrum. 83, 02B913 (2012); 10.1063/1.3673632 
 
Ion flux from vacuum arc cathode spots in the absence and presence of a magnetic field 
J. Appl. Phys. 91, 4824 (2002); 10.1063/1.1459619 
 
Plasma drift and nonuniformity effects in plasma immersion ion implantation 
Appl. Phys. Lett. 76, 3002 (2000); 10.1063/1.126559 
 
Breakdown of the high-voltage sheath in metal plasma immersion ion implantation 
Appl. Phys. Lett. 76, 28 (2000); 10.1063/1.125645 
 
The effect of magnetic field configuration on plasma beam profiles in curved magnetic filters 
J. Appl. Phys. 85, 6385 (1999); 10.1063/1.370141 
 
 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
131.181.251.131 On: Tue, 15 Jul 2014 01:33:35
Effective control of ion fluxes over large areas by magnetic fields:
From narrow beams to highly uniform fluxes
O. Baranov,1 M. Romanov,1 and Kostya Ken Ostrikov2
1Plasma Laboratory, National Aerospace University “KhAI,” Kharkov 61070, Ukraine
2Plasma Nanoscience Centre Australia (PNCA), CSIRO Materials Science and Engineering, P.O. Box 218,
Lindfield, NSW 2070, Australia
Received 1 April 2009; accepted 16 April 2009; published online 12 May 2009
An effective control of the ion current distribution over large-area up to 103 cm2 substrates with
the magnetic fields of a complex structure by using two additional magnetic coils installed under the
substrate exposed to vacuum arc plasmas is demonstrated. When the magnetic field generated by the
additional coils is aligned with the direction of the magnetic field generated by the guiding and
focusing coils of the vacuum arc source, a narrow ion density distribution with the maximum current
density 117 A m−2 is achieved. When one of the additional coils is set to generate the magnetic field
of the opposite direction, an area almost uniform over the substrate of 103 cm2 ion current
distribution with the mean value of 45 A m−2 is achieved. Our findings suggest that the system with
the vacuum arc source and two additional magnetic coils can be effectively used for the effective,
high throughput, and highly controllable plasma processing. © 2009 American Institute of Physics.
DOI: 10.1063/1.3130267
I. INTRODUCTION
Low-temperature plasma processing of polymers, met-
als, alloys, semiconductors, and other material systems is
widely used in the present-day industry.1–4 Plasma applica-
tions extend to thin film deposition, plasma-based material
modification, high-precision etching, biomedical steriliza-
tion, and many other rapidly growing areas, such as creating
nanostructures and nanopatterns of various dimension-
ality.5–10 For the most effective applications, the sources of
low-temperature plasmas should exhibit a high enough level
of the controllability of ion flux distributions over large sub-
strate areas.11–17 In particular, the ion fluxes should be con-
trolled to achieve an excellent ion current uniformity over
large surface areas to process the substrates evenly from the
center to the edge.18,19
The most effective way to control the ion current density
distribution is to use a self-consistent electric field produced
by the plasma interaction with an external magnetic field.20
Electromagnetic focusing and defocusing of the ion/plasma
flux is widely used in transporting the plasma or ion beams
from the cathode of vacuum arc sources.16 The essence of the
method is to use some “guiding” magnetic field to magnetize
the plasma electrons, which, in turn, guide the plasma ions
by means of a self-consistent electric field. Moreover, apply-
ing an additional magnetic field in the interior of the vacuum
chamber to control the plasma on the way from the source to
the substrate is a very difficult task. This magnetic field B0
should not interfere with the own electric and magnetic fields
of the plasma discharge to prevent unstable source operation.
On the other hand, B0 should be strong enough to confine the
plasma near the exit of the plasma source. In this case, it is
reasonable to place the source or sources of the controlling
magnetic field under the substrate exposed to the plasma.21,22
In this paper we show that the use of two electromagnet
coils and a rotating substrate is very effective for controlling
the ion current density distribution and providing a time-
averaged uniform ion current density distribution over large
up to 103 cm2 substrate areas. Here we investigate the ion
current distribution over the substrate for the various mag-
netic field configurations, which were produced by powering
the four coils two additional ones installed under the sub-
strate, as well as one guiding and one focusing coil installed
in the vacuum arc plasma source. With the four coils avail-
able, we were able to produce different magnetic field pat-
terns, including the bottle and cusp configurations, depend-
ing on the current direction in the four coils. For all magnetic
field configurations, we measured the ion current distribution
over the substrate. In the Sec. IV, we propose physical ex-
planations for the phenomena observed.
II. EXPERIMENTAL DETAILS
The experimental setup Fig. 1 is described in detail
elsewhere.22,23 It consists of a vacuum arc plasma source,
two additional electromagnetic coils with ferromagnetic
cores, and a planar probe for measuring the radial distribu-
tion of the axial component of the ion flux. The plasma
source was fitted with a water-cooled truncated cone-shaped
titanium cathode and a tubular water-cooled anode. The trun-
cated cathode cone was 60 mm long with a 50 mm diameter
upper surface and the base diameter of 60 mm. The anode
had a 210 mm inner diameter and a length of 200 mm. A
guiding coil was mounted on the anode, so the anode was
used as a plasma duct. The plasma source was mounted on a
flange of a 500 mm diameter, 500 mm long cylindrical
vacuum chamber.
The dc voltage 30 V was applied between the cathode
and the anode, which was grounded. With the typical arc
current, Ia=110 A, the arc discharge power was 3.3 kW,
thus providing an effective plasma production in the cathode
spots. The arc was initiated by applying a short high-voltage
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pulse between the cathode and the anode. The focusing and
guiding coils generated an axial magnetic field in the plasma
source. The focusing magnetic field Bf Bf =0.03 T at the
center of the focusing coil was used to retain the cathode
spots on the front cathode surface. The guiding magnetic
field Bg Bg=0.02 T at the center of the guiding coil guided
the plasma toward the substrate.
A disk-shaped substrate made of nonmagnetic stainless
steel was placed at a distance of 325 mm from the plasma
duct exit in the vacuum chamber in such a way that the
substrate and the plasma duct anode axes of symmetry co-
incided. The substrate diameter and the thickness were 420
and 6 mm, respectively. Two additional coils with an external
diameter of 100 mm and a height of 80 mm 2000 coil turns
on a magnetic core with a diameter of 30 mm were mounted
on a support under the substrate. The axes of symmetry of
the coils, the substrate, and the plasma duct were parallel,
and the distance between the coils axes was 280 mm. The
measured magnitudes of the magnetic field generated by the
additional coil on its axis near the substrate surface show an
almost linear dependence on the coil current, with the mag-
netic field of 0.05 and 0.19 T for coil currents of 1 and 4 A,
respectively. The substrate was under the negative potential
relative to the grounded vacuum chamber walls. The distance
between vacuum arc source and additional coils was large
enough of about 0.5 m, so the magnetic field of additional
coils did not noticeably change the mode of vacuum arc
discharge. The automatic gas-feed and pressure control sys-
tems maintained the nitrogen gas pressure close to 0.01 Pa.
The pressure was measured with the help of a thermocouple
vacuum gauge and an ionization gauge.
A planar probe was used to measure the density distri-
bution of the axial ion current as a function of position along
the substrate surface. The probe was a moveable 3231
0.5 mm3 current-collecting plate made of polished non-
magnetic stainless steel. It was installed on the substrate and
isolated from the substrate surface using a high-temperature
insulator. The probe was connected to the power supply via a
high-current monitor. When the vacuum arc plasma source
was switched on, the voltage drop between the probe and the
anode reached 200 V; thus, the probe collected the ion satu-
ration current.22,24 The duration of each experimental run
was 2 s.
III. RESULTS AND DISCUSSION
The dependence of the ion current distribution along the
substrate on the current in additional magnetic coils was
studied during the stable vacuum arc operation with Ua
30 V, Bf =0.03 T, and Bg=0.02 T. Figures 2–4 show
several types of the ion current density distributions, mea-
sured by the planar probe. In this work, these distributions
reflect the main features of the discussed magnetic field con-
figurations. The plots show the results of the approximation
for the experimental data points after averaging over ten
separate measurements. The substrate center is located at the
point x=0, y=0 of the coordinate system shown in Fig. 2.
The additional flux-controlling coils are located under the
substrate at the positions x=140 mm, y=0. The configu-
ration when both the additional coils generate magnetic
fields directed along the magnetic fields produced by the
guiding and focusing coils is designated as “Bm1↑Bg↑Bm2↑.”
The configuration with the magnetic field of one additional
FIG. 1. Experimental setup.
FIG. 2. Color online Ion current distribution over the substrate surface for
the stationary substrate without the additional coils Im1= Im2=0 A, a and
with one right additional coil Im1=0 A and Im2=2 A, b.
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coil Bm1 directed opposite to the magnetic field generated
by the guiding and focusing coils, while the direction of the
magnetic field of another coil Bm2 remaining unchanged, is
designated as “Bm1↓Bg↑Bm2↑.”
Figure 2a presents the results of the measurements of
the ion current density distributions along the substrate sur-
face with both additional coils removed. When only one ad-
ditional coil Im2 and the arc source coils guiding and fo-
cusing are powered, the maximum of the ion current density
distribution slightly shifts closer to the additional coil as
shown in Fig. 2b. Varying the additional coil current from 1
to 4 A does not change the ion current distribution signifi-
cantly. As can be seen from Figs. 3a–3c, the distributions
corresponding to the configuration Bm1↑Bg↑Bm2↑ have a
maximum at the substrate center x=0;y=0. The distribu-
tions corresponding to the oppositely powered additional
coils corresponding to the configuration Bm1↓Bg↑Bm2↑ in
Figs. 4a–4c feature two main maxima above the core of
additional coils x=140 mm; y=0, and a feebly notice-
able maximum at the substrate center x=0;y=0 for several
configurations Im1=2 A and Im2=2 A.
Time-averaged ion current density distributions J¯r
along the substrate radius r were obtained by calculations
based on the measured distributions Jr , for the disk-
shaped substrate, rotating about its axis of symmetry for
angle  0.2. At that the ion current density for a given
radius r=x2+y2=const as referred to coordinates in Figs. 3
and 4 along the substrate surface was calculated as
J¯r =
1
20
2
Jr,d .
The calculations show different shapes of the resulting axis-
symmetrical ion current density distributions. Figures 5 and
6 show the calculated time-averaged distributions for mag-
netic fields corresponding to configurations Bm1↑Bg↑Bm2↑
and Bm1↓Bg↑Bm2↑, respectively. A dashed line is shown for
comparison, it presents the results of the ion current density
distribution measured along the substrate radius, when both
additional coils are removed this case corresponds to Fig.
2a. It can be seen that the configuration Bm1↑Bg↑Bm2↑
results in a time-averaged focusing of the ion flux extracted
from the arc source; it generates an ion current density dis-
tribution that features a peak along the substrate radius. The
distributions have a maximum near the substrate center r
=0 for all operating modes. A fairly similar result was
achieved for the system with a planar magnetron, mounted
under the substrate in a vacuum arc deposition setup.22
At the same time, one can see that the configuration
Bm1↓Bg↑Bm2↑ results in a time-averaged defocusing of the
ion flux. Indeed, this configuration generates the distributions
with three maxima located at the geometrical center of the
substrate r=0 and approximately 140 mm above the addi-
tional coils, if current Im1 of the additional coil powered
oppositely to the focusing and guiding coils is less than 3 A.
Only two maxima located approximately 140 mm above the
additional coils are present, if current Im1=4 A Fig. 4. In
FIG. 3. Color online Ion current distribution over the substrate surface with the additional coils: a Im1=1 A and Im2=3 A, b Im1=2 A and Im2=2 A, and
c Im1=3 A and Im2=4 A. See description of the magnetic field configurations in the text.
FIG. 4. Color online Same as in Fig. 3 for a Im1=1 A and Im2=3 A, b Im1=2 A and Im2=2 A, and c Im1=3 A and Im2=4 A.
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this case, an almost perfectly uniform time-averaged ion cur-
rent density distribution is obtained over the large substrate
surface area of up to 103 cm2.
IV. DISCUSSION
Our measurements suggest that a magnetic cusp is
formed between the additional coils, when they are powered
simultaneously. This cusp remains near the substrate surface
even when the arc source is switched on and the magnetic
fields of guiding and focusing coils are present. The cusp is
located right above the substrate center, along the axis of the
plasma duct. Thus, electrons from the arc plasma source are
transported to the three main sinks: two magnetic mirrors
above each additional coil core and a magnetic cusp between
them. Increasing the resulting magnetic field of additional
coils results in contraction of the plasma flow from the arc
source and focusing the flow into the magnetic mirrors and
the cusp. Considering the ion current density distributions
along the surface of fixed Fig. 3 and rotating Fig. 5 sub-
strates, with magnetic fields of both additional coils along
the direction of the fields produced by the arc source coils,
one can conclude that the configuration of our interest allows
one to simulate a simple magnetic bottle configuration,
which may be useful for the plasma jet contraction.22
A magnetic bottle is formed between the additional coils
near the substrate surface, when both coils are powered op-
positely. When the arc plasma source operates, the resultant
magnetic field configuration prevents the plasma expansion
from the arc source toward the substrate area between the
additional cores of coils. Thus, electrons from the arc source
are transported to only two main sinks, which are the above
mentioned magnetic mirrors above each additional coil core.
Increasing the magnetic field of additional coils results in
decreasing the ion current density at the substrate center. The
measured time-averaged ion current density distribution over
the rotating substrate shows the possibility of achieving an
almost uniform ion current density distribution over the en-
tire substrate surface.
V. CONCLUSION
It was demonstrated that two additional electromagnetic
coils, placed under the substrate perpendicular to the plasma
flux generated by the vacuum arc source, strongly affect the
ion current density distribution near the substrate. In this
series of experiments, the axial ion current density near the
substrate center increased from 50 to 117 A /m2 for the mag-
netic fields of the additional coils directed along the mag-
netic field generated by the guiding and focusing coils of the
arc source, i.e., by about 2.3 times for a stationary substrate.
For the substrate rotating about its axis of symmetry, the ion
current density increased to 70 A /m2, i.e., in approximately
1.4 times. An almost uniform ion current density distribution
with the mean value of about 455 A /m2 nonuniformity
of about 11% was obtained over the substrate surface area
of 103 cm2. These results have been explained by the focus-
ing effect of the ion fluxes by the magnetic fields generated
by the additional coils. In practical vacuum arc applications,
this possibility to control the plasma jet can be used in depo-
sition of uniform coatings. Intrinsic shapes of ion flux distri-
butions generated by many types of plasma sources can be
effectively adjusted by a combination of a simple substrate
rotation and a dynamic control of currents in the electromag-
netic coils placed under the substrate. Such system allows
one to obtain narrow high-density ion beams directed to the
specified substrate area, as well as large cross-section ion
fluxes with high uniformity, covering the entire substrate sur-
face. Finally, the results of this work can also be used for the
interpretation of a large number of plasma-related phenom-
ena in laboratory discharges and materials processing.25–27
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